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Abstract  

Spectral phase is vital to retrieve both the real and imaginary parts of both second-order vibrational 

and electronic sum frequency generation spectra. Despite recent efforts, phase measurements in 

electronic spectra at interfaces are lacking. In particular, references are not well established for 

frequency-dependent spectral phases in interfacial electronic spectroscopy. In this work, we 

present broadband heterodyne detection (HD) of interfacial electronic spectroscopy for spectral 

phases of references. Such a broadband HD method was based upon a broadband short-wave IR 

laser source from 1100 to 2200 nm. A collinear geometry was adopted for passive phase stability. 

We further compared often-used reference samples, including gold (Au) thin films, silver (Ag) 

thin films, p-type GaP (100), p-type GaAs (100), as well as left-handed and right-handed z-cut α-

quartz crystals. The phases of the second order susceptibilities for Ag thin films, the GaP crystal, 

the GaAs crystal, and the quartz crystals are independent of frequency from 630 to 730 nm. More 

importantly, it was found that the often-used Au thin film in the literature is not a good phase 

reference for frequency-dependent phases. 
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Introduction 

Second-order nonlinear spectroscopies have evolved into analytical tools for surfaces and 

interfaces since the 1980s.1-13 Both vibrational and electronic sum frequency generation 

spectroscopies hold the central focus in this field are the main players of the second-order 

spectroscopies.1-43 The former is so-called VSFG and the latter ESFG. The interface-specific 

electronic and vibrational spectra are often collected in a form of frequency-dependent intensity. 

It turns out that phase information is often hidden in an intensity spectrum of VSFG or ESFG. 

The spectral phase of a material, 𝜙𝜙(ω), is correlated with linear and nonlinear frequency-dependent 

responses with light. In second order nonlinear optical spectroscopy, the spectral phase enables 

one to retrieve both the real and imaginary parts of a spectrum, leading to the purely absorptive 

spectra for peak identifications of interfacial molecules with frequency-dependent dispersion 

components. Such frequency-dependent phase information is intrinsically manifested in the 

macroscopic susceptibility, 𝜒𝜒(2)(𝜔𝜔) , for materials at interfaces, or the microscopic 

hyperpolarizability, 𝛽𝛽(2)(𝜔𝜔) , for crystals, molecules, or chemical groups at interfaces.44-46 

Previous studies showed the advantages of phase measurements: 1) Extraction of the absolute 

orientation of molecules;45 2)Isolation of a signal produced by a specific interface in a layered 

sample with a well-defined phase reference;47 3) Deconvolution of surface from bulk responses of 

nonlinear signals with an absolute phase;48 4) Separation of pathways for multiple transitions,49 

etc. 

Phase-sensitive VSFG measurements were first implemented by Shen and co-workers.44, 50 

Recently, heterodyne detection (HD) for spectral phases in broadband VSFG was demonstrated 

by Benderskii et al,51 followed by many other groups.52-67 On the other hand, phase measurements 

in interfacial electronic spectra have been performed by Eisenthal and co-workers.68  Lately, HD 

for spectral phases in broadband interfacial electronic spectra was demonstrated by Tahara et al,45 

and Roberts et al.47 As compared with those in vibrational SFG spectra, phase measurements in 

electronic spectra at interfaces are often neglected.   

Originally, phase modulation was the main approach for extracting spectral phase of 𝜒𝜒(2)(𝜔𝜔) 

or 𝛽𝛽(2)(𝜔𝜔) in interfacial electronic spectra.44, 50, 69-72 Such a method requires a phase modulator to 

change its length or refractive index. It turned out that the phase modulation method was time-

consuming due to mechanical errors from moving optical elements. It is noteworthy that Wang 

and coworkers reported an elegant phase measurement with a well-defined 𝛼𝛼-quartz as an internal 
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standard for interferemetry.73 Such an idea was later extended with a delicate design of a Michelson 

interferometer by Shultz et al.57, 58, 74 Recently, the HD method received increasing attention from 

phase measurements in ESFG and second harmonic generation (SHG) experiments with the 

advanced femtosecond broadband lasers.45, 47, 75-77 The HD was based upon spectral interferometry 

(SI) by measuring interference between weak optical signal and a time-delayed local oscillator 

(LO) in frequency domain.78 Furthermore, the LO introduced in the HD experiments enables one 

to improve detection sensitivity and fast measurements, even without significant signal-to-noise 

consequences. Nevertheless, the challenging part of the HD-ESFG is to seek a LO, which has a 

spectrum broad enough to cover spectral range of signals of interest. Previous successes in HD-

ESFG were based upon the generation of a LO before or after samples by mixing two different 

visible beams.45  In fact, one could use a broadband laser beam to achieve the same goal. 

Heterodyne second harmonic generation (HD-SHG) was a complementary method for phase 

measurements in interfacial electronic spectroscopy.72, 79-83 However, these HD experiments were 

limited to a narrow band of ca. 200 cm-1 for spectral purposes.  

In this work, we present an alternative approach to determine spectral phases by combining 

heterodyne detection interfacial electronic spectroscopy (HD-iES) with broadband SHG (b-SHG). 

We further established phase references for interfacial electronic spectroscopy. Six often-used 

phase references, including left-handed and right-handed 𝛼𝛼-quartz crystals, Au, Ag, p-type GaP 

(100), and p-type GaAs (100) were examined in an effort to search for the best choice of phase 

references in interfacial second-order spectroscopy.  

 

Theoretical consideration 

 We shall start with a general formula to describe phase measurements. Interference intensity from any 

second-order signal of interest and a LO takes the form of, 

𝐼𝐼(𝜔𝜔, 𝜏𝜏,𝜙𝜙𝑀𝑀) ∝ � � 𝑑𝑑𝑑𝑑�𝐸𝐸𝑖𝑖(𝑑𝑑) + 𝐸𝐸𝐿𝐿𝐿𝐿(𝑑𝑑 − 𝜏𝜏)𝑒𝑒−𝑖𝑖𝜙𝜙𝑀𝑀�𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖
+∞
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�

2

 

= �𝐸𝐸𝑖𝑖(𝜔𝜔) + 𝐸𝐸𝐿𝐿𝐿𝐿(𝜔𝜔)𝑒𝑒−𝑖𝑖𝜙𝜙𝑀𝑀+𝑖𝑖𝑖𝑖𝑖𝑖�
2
 

                                  (1) 
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where τ is the time delay between the signal, 𝐸𝐸𝑖𝑖(𝑑𝑑)  and the LO, 𝐸𝐸𝐿𝐿𝐿𝐿(𝑑𝑑 − 𝜏𝜏), and 𝜙𝜙M is the phase with 

modulations. In the case of second-order responses, SFG (ω) is generated by two incident beams (ω1 and 

ω𝟐𝟐). The SFG electric field is expressed as,84 

𝐸𝐸(ω) = iω
𝑛𝑛(ω)𝑐𝑐

χ(2)(ω)𝐸𝐸(ω1)𝐸𝐸(ω2)                                                                                                            (2) 

where 𝑛𝑛(ω) is the frequency-dependent refractive index for SFG and c the speed of light. 

Equation 1 is further simplified as 

𝐼𝐼(𝜔𝜔, 𝜏𝜏,𝜙𝜙𝑀𝑀) ∝ �𝜒𝜒(2)
𝑖𝑖(𝜔𝜔) + 𝜒𝜒(2)

𝐿𝐿𝐿𝐿(𝜔𝜔)𝑒𝑒−𝑖𝑖𝜙𝜙𝑀𝑀+𝑖𝑖𝑖𝑖𝑖𝑖�
2
 

= |𝜒𝜒(2)
𝑖𝑖(𝜔𝜔)|2 + |𝜒𝜒(2)

𝐿𝐿𝐿𝐿(𝜔𝜔)|2 + 2|𝜒𝜒(2)
𝑖𝑖(𝜔𝜔)𝜒𝜒(2)

𝐿𝐿𝐿𝐿(𝜔𝜔)|𝑐𝑐𝑐𝑐𝑐𝑐 (𝜙𝜙𝑖𝑖(𝜔𝜔) − 𝜙𝜙𝐿𝐿𝐿𝐿(𝜔𝜔) − 𝜙𝜙𝑀𝑀(𝜔𝜔) + 𝜔𝜔𝜏𝜏 +

𝜙𝜙0)              (3) 

 

where 𝜙𝜙i(ω) and 𝜙𝜙LO(ω) are the phases of the second-order electric fields from the samples and the LO, 

respectively, and 𝜙𝜙0 is the phase due to the difference of electric fields for the samples and the LO. It is 

seen from Equation 3 that the phase factor of ωτ causes SFG oscillations as a function of ω. However, we 

are more interested in 𝜙𝜙𝑖𝑖(ω) of 𝜒𝜒(2)
𝑖𝑖(ω) from interfaces. In Equation 1, the first two terms are often called 

the “direct current” (DC) part while the last oscillatory term is called the “alternate current” (AC) part. Thus, 

one is able to obtain intensity interference from varying 𝜙𝜙M(ω) (phase modulation) or direct spectral 

modulation with 𝜔𝜔𝜏𝜏 (spectral interferometry). The former is called phase modulation detection, while the 

latter is so-called heterodyne detection.  

 The phase modulation yields interference second-order signals when the time delay, 𝜏𝜏, is set to be zero. 

Equation 3 is rewritten as,  

𝐼𝐼(𝜔𝜔,𝛷𝛷𝑀𝑀) ∝ �𝜒𝜒(2)
𝑖𝑖(𝜔𝜔)�

2
+ �𝜒𝜒(2)

𝐿𝐿𝐿𝐿(𝜔𝜔)�
2

+ 2|𝜒𝜒(2)
𝑖𝑖(𝜔𝜔)𝜒𝜒(2)

𝐿𝐿𝐿𝐿(𝜔𝜔)| 𝑐𝑐𝑐𝑐𝑐𝑐(𝜙𝜙𝑖𝑖(𝜔𝜔) − 𝜙𝜙𝐿𝐿𝐿𝐿(𝜔𝜔) −

𝛷𝛷𝑀𝑀(𝜔𝜔) + 𝜙𝜙0)                

   

= |𝜒𝜒(2)
𝑖𝑖(𝜔𝜔)|2 + |𝜒𝜒(2)

𝐿𝐿𝐿𝐿(𝜔𝜔)|2 + 2|𝜒𝜒(2)
𝑖𝑖(𝜔𝜔)𝜒𝜒(2)

𝐿𝐿𝐿𝐿(𝜔𝜔)|𝑐𝑐𝑐𝑐𝑐𝑐 (𝜙𝜙𝑖𝑖(𝜔𝜔) − 𝜙𝜙𝐿𝐿𝐿𝐿(𝜔𝜔) − 𝛥𝛥𝛥𝛥(𝜔𝜔)𝑙𝑙 + 𝜙𝜙0)                             

             (4) 

where Δk(ω) is the wave-vector mismatch, and l is the distance that a LO and incident beams travel through 

a phase modulator, and 𝜙𝜙0 the phase difference due to the propagation of the fundamental lights on a 

sample and a LO. The phase modulation is often achieved by varying either Δk(𝜔𝜔) or l.  
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 On the other hand, heterodyne detection measures interference fringes in frequency domain when 

𝛥𝛥𝛥𝛥(𝜔𝜔)𝑙𝑙 is set to be zero or constant. Equation 3 is further simplified as,78 

𝐼𝐼(𝜔𝜔, 𝜏𝜏) ∝ �𝜒𝜒(2)
𝑖𝑖(𝜔𝜔)�

2
+ �𝜒𝜒(2)

𝐿𝐿𝐿𝐿(𝜔𝜔)�
2

+ 2|𝜒𝜒(2)
𝑖𝑖(𝜔𝜔)𝜒𝜒(2)

𝐿𝐿𝐿𝐿(𝜔𝜔)|𝑐𝑐𝑐𝑐𝑐𝑐 (𝜙𝜙𝑖𝑖(𝜔𝜔) − 𝜙𝜙𝐿𝐿𝐿𝐿(𝜔𝜔) + 𝜔𝜔𝜏𝜏 +

𝜙𝜙0)                

             (5) 

A routine treatment of Fourier analysis for the spectral interferometry yields the phase 𝜙𝜙𝑖𝑖(𝜔𝜔) −

𝜙𝜙𝐿𝐿𝐿𝐿(𝜔𝜔) + 𝜔𝜔𝜏𝜏 + 𝜙𝜙0 in Equation 5.  To obtain the spectral phase of a sample, 𝜙𝜙𝑆𝑆(𝜔𝜔), one has to measure 

a phase from a known reference with the same procedure, 𝜙𝜙𝑅𝑅 − 𝜙𝜙𝐿𝐿𝐿𝐿(𝜔𝜔) + 𝜔𝜔𝜏𝜏 + 𝜙𝜙0 . Subtraction out of 

𝜙𝜙𝐿𝐿𝐿𝐿(𝜔𝜔), 𝜔𝜔𝜏𝜏, and 𝜙𝜙0 produces 𝜙𝜙𝑆𝑆(𝜔𝜔) − 𝜙𝜙𝑅𝑅, thereby yielding the spectral phase of the sample, 𝜙𝜙𝑆𝑆(𝜔𝜔). 

 

Experimental Methods 

Laser Source. A Ti-Sapphire amplifier system (UpteK Solutions) centered at 800 nm with 1 kHz, 

4 W, and 100 fs was used for our experiments. A portion of 1.5 mJ was split to generate a short-

wave infrared (SWIR) source from a home-built broadband optical parametric amplifier (BOPA). 

The BOPA was based on a type I BiB3O6 (BIBO) crystal. In our early work,85, 86  we presented a 

two-stage BOPA for the broadband SWIR source, in which a white light continuum was generated 

as a seed pulse. The two-stage BOPA caused stability issues due to the non-trivial continuum light. 

Here we generated a broadband SWIR from 1200 nm to 2200 nm by using a one-stage BOPA 

without the white light continuum seed. As a result, an ultrabroadband SWIR beam of 160 µJ was 

generated with a same polarization for both signal (1200-1600 nm) and idler (1600-2200 nm) with 

a pulse duration of around 200 fs. The pulse duration of the SWIR was measured by mixing an 

800 nm (100 fs) with the SWIR and collecting SFG signals from silver thin films, as shown in 

Figure S1. 

Optical layout. We used a periscope to introduce 45° polarized light, followed by a broadband 

polarizer (Thorlabs) to choose the polarization of the fundamental light. A short-pass filter (1500 

nm, Edmund) was placed to remove long-wavelength light and high-order harmonic light 

generated by the optics along the light path. A one-inch CaF2 lens with 150 mm focus length (spot 

size of 130 um) was applied to focus the SWIR fundamental light onto the sample at an angle of 

45° with respect to the surface normal. A long-pass filter (1000 nm, Thorlabs) was placed right 

after the lens. The fundamental light was filtered out by combining three optical filters, including 
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a 900 nm short-pass filter (Thorlabs), a 445 nm long-pass filter (Thorlabs), and 780 nm short-pass 

filter (Thorlabs). The ultrabroadband SWIR of 10 µJ was used for our experiments by adjusting 

neutral density filters. A spectrometer (Kymera 328i-C, Andor Technology) with a thermally-

cooled charge-coupled device (CCD) detector (IDus DU420A-BVF, 1024 × 255, Andor 

Technology) was used for spectral collection. 

Heterodyne Detection. Figure 1 (A) displays a schematic setup for broadband HD detection of 

interfacial electronic spectroscopy. A z-cut α-quartz crystal (MTI Corp.) of 100 μm was used as a 

LO. A z-cut alpha-quartz crystal is a birefringence crystal with its optical axis perpendicular to the 

quartz surface. The incident light propagates along the optical axis of the z-cut alpha-quartz. In 

other words, any rotation around the surface normal does not disrupt the polarization after going 

through the quartz. The LO was positioned right after the focus lens and the filter.   Glass slides 

were used as time delay generators and placed right after the LO, leading to temporal separation 

of the LO from b-SHG signal. As a result, the LO propagates temporally after the signal due to the 

positive dispersion. On the other hand, the generated b-SHG LO and the transmitted fundamental 

beam remained spatially collinear when overlapped at interfaces. The usage of the z-cut α-quartz 

crystal ensured that the polarization of the fundamental beam remained the same while the intensity 

of a LO could be varied with the rotation of the crystal. The time delay between a local oscillator 

and measured signals dictates spectral interference cycle (Δv=1/t). The larger a time delay, the 

narrower a spectral interference cycle. For HD-iES, an interfacial electronic spectrum was usually 

as broad as 500 cm-1, a time delay of 100 – 200 fs was used for accurate phase control.  
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Figure 1. (A) A schematic setup for broadband HD detection of interfacial electronic 
spectroscopy. (B)-(D) are interference b-ESHG spectra from n-type GaP (100) along the [01�1] 
axis for three different thickness of delay generator glasses (1 mm, 3 mm, and 7 mm). Green lines 
represent the corresponding LO signals. L1: 20 cm lens; L2: 20 cm lens; CL1: vertically cylindrical 
lens; CL2: horizontally cylindrical lens; LO: a local oscillator of z-cut quartz crystal; F1: 1000 nm 
long-pass filter; F2: 900 nm short-pass filter; F3: 445 nm long-pass filter; F4: 780 nm short-pass 
filter. (E) Time delay as a function of thickness for three different delay generator glasses. 
 

(A) (B) 

Time delay: 62 fs 

Time delay: 154 fs 

Time delay: 349 fs 

(C) 

(D) 

(E) 
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Data analysis. A custom Matlab program was used to extract spectral phases from measured 

interferometry spectra by Fourier filtering. The algorithm for the Fourier filtering was described 

as follows: 1) Make Jacobian transformation to frequency domain from the wavelength domain 

measured; 2) Take Discrete inverse Fourier transformation; 3) Use a Cosine window to remove 

the “DC” part in time domain; 4) Implement discrete Fourier transformation back to frequency 

domain; 5) Unwrap frequency-dependent angles and convert to wavelength domain.  

 

Samples. Left-handed and right-handed z-cut α-quartz crystals (12.5 ×12.5 ×10 mm) were 

purchased from Brightcrystals Technology Inc. p-type GaP ((100) orientation,  Zn-doped, 4.0-5.2 

×1017 cm-3, 2”×0.45 mm diameter),  n-type GaP ((100) orientation,  S-doped, 2.0-12.0 × 1017 cm-

3, 5 × 5 × 0.5 mm) and p-type ((100) orientation,  Zn-doped, 1.3-2.2 × 1019 cm-3, 5 × 5 × 0.5 mm) 

GaAs wafers were purchased from MTI Corporation. Ag thin films (protected silver mirrors, PF10-

03-P01) were purchased from Thorlabs. The mirrors were claimed to have a durable SiO2 overcoat 

with an approximate thickness of 100 nm. Au thin films were purchased from Platypus 

Technologies (Partnumber:AU.1000.ALSI). The thickness of the Au thin films was confirmed to 

be on the order of 100 nm as claimed, with our AFM measurements in Figure S2. 

 

Results  

 To illustrate our broadband HD-iES experiments, we chose an n-type GaP (100) surface as an example 

to generate b-ESHG signals. Figure 1 (B)-(D) show spectral interference of b-ESHG from n-type GaP 

(100) along the direction of [01�1] for three different delay generators with thicknesses of 1 mm, 3 mm, and 

7 mm, respectively. The envelope “DC” signal is readily separated from the oscillatory cross terms by using 

a traditional Fourier filtering process. Single spectral interference cycles for the three time-delay generators 

were determined to be 539.1 cm-1 (95 points/cycle), 216.2 cm-1 (41 points/cycle), and 95.5 cm-1 (18 

points/cycle).  Each spectral point represents a phase of 3.79°, 8.78°, and 20.00°, respectively. Figure 1 (E) 

shows that the time delay introduced by the three glass windows is proportional to the thickness with a 

group velocity delay of 41.0 fs/mm at 650 nm and 1300 nm for the glass material as expected.  Owing to 

the collinear geometry, the phase was passively stabilized. 

Left-handed and right-handed z-cut α-quartz crystals as standard references. A reference with a known 

phase is needed to retrieve spectral phases for samples of interest. In particular, an ideal reference is 
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anticipated to be independent of experimental wavelengths. For this reason, α-quartz crystal is an excellent 

choice with no absorption in the laser wavelength range from 300 nm to 2400 nm. We calibrated and 

labeled the +X direction for both left-handed and right-handed z-cut α-quartz crystals by piezoelectric 

measurements and VSFG methods.73 The quartz crystals were then positioned as the +X direction was in 

the incident plane for HD-iES experiments, shown in the insets of Figure 2. Figure 2 shows interference b-

ESHG spectra of both the left-handed and right-handed z-cut α-quartz crystals, for S-in/P-out (A) and P-

in/P-out (B).   Both the spectra show the same interference pattern over a large spectral range. The spectral 

cycles in the two cases are well overlapped, suggesting that both the left-handed and right-handed α-quartz  

crystals exhibit the same sign. Our results are consistent with that reported in VSFG experiments.73 

To quantify the phases of z-cut α-quartz crystals for S-in/P-out (SP) and P-in/P-out (PP), the bulk 

macroscopic susceptibilities, 𝜒𝜒𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑖𝑖𝑄𝑄,𝐵𝐵
(2) , are expressed as,73 

𝜒𝜒𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑖𝑖𝑄𝑄,𝑆𝑆𝑆𝑆,𝐵𝐵
(2) (𝜔𝜔) = 𝐿𝐿𝑋𝑋𝑋𝑋(𝜔𝜔)𝐿𝐿𝑌𝑌𝑌𝑌(𝜔𝜔1)𝐿𝐿𝑌𝑌𝑌𝑌(𝜔𝜔1)cosα𝑄𝑄𝛽𝛽𝑥𝑥𝑥𝑥𝑥𝑥

(2) cos3φ𝑄𝑄 

𝜒𝜒𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑖𝑖𝑄𝑄,𝑆𝑆𝑆𝑆,𝐵𝐵
(2) (𝜔𝜔) = −𝐿𝐿𝑋𝑋𝑋𝑋(𝜔𝜔)𝐿𝐿𝑌𝑌𝑌𝑌(𝜔𝜔1)𝐿𝐿𝑌𝑌𝑌𝑌(𝜔𝜔1)cosα𝑄𝑄cosα𝑄𝑄cosα𝑄𝑄𝛽𝛽𝑥𝑥𝑥𝑥𝑥𝑥

(2) cos3φ𝑄𝑄                                                          

       (6) 

where 𝐿𝐿𝐼𝐼𝐼𝐼(ω)s are local field factors (II=XX or YY), α𝑄𝑄 are incident and reflection angles for the 

the fundamental light and the b-ESHG light,  𝛽𝛽xxx
(2)  is achiral hyperpolarizabilty for the α-quartz 

crystals, and φ𝑄𝑄  azimuthal angle (0° is defined to be along the +X axis). The effective bulk 

macroscopic susceptibility for the α-quartz crystals along the +X axis is dominated by bulk, as 

expressed as  χQuartz,eff
(2) (ω) ≈

χQuartz,B
(2) (ω)

−iΔkz
= 𝑖𝑖𝑖𝑖𝛽𝛽𝑥𝑥𝑥𝑥𝑥𝑥

(2) , where a>0 for S-in/P-out, and a<0 for P-in/P-

out with all LII greater than 0. Thus, these spectral phases are dependent on the polarization 

combinations measured. Recently, Wang and coworkers set forth a SFG convention to calibrate 

Figure 2. Interference b-ESHG spectra for left-handed and right-handed z-cut α-quartz crystals 
along the +X axis, with a local oscillator of z-cut quartz, for S-in/P-out (A), and P-in/P-out (B). 
 

(B) (A) 
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the absolute phase of the hyperpolarizability for α-quartz crystal.73 It was found that the 𝛽𝛽𝑥𝑥𝑥𝑥𝑥𝑥
(2) ,  for 

left-handed and right-handed α-quartz crystals possess the same negative sign, namely, 𝛽𝛽𝑥𝑥𝑥𝑥𝑥𝑥
(2)  <0. 

Thus, the absolute phases of 𝜒𝜒𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑖𝑖𝑄𝑄,𝐵𝐵
(2)  for S-in/P-out and P-in/P-out were found to be -90° and 90°, 

respectively for both the left-handed and right-handed z-cut α-quartz crystals.  

Absolute phases of 𝜒𝜒(2)  for Au and Ag thin films. Au and Ag thin films are often used for 

calibration and as phase references in SFG experiments. Previous efforts were made to use 

adsorbates on Au and Ag surfaces in order to deduce their phases from either fittings or known 

responses of chemical groups.57, 87-92 More importantly, these phases from VSFG are only for a 

small range of wavelength. As such, it is desirable to measure phases of Au and Ag over a broad 

range of wavelength to validate them as standard phase references in interfacial electronic 

spectroscopy. 

Both the Au and Ag thin films produce stronger SHG intensities for P-in/P-out than those for 

other polarization combinations.  Figure 3 shows interference b-SHG spectra for both silver (A) 

and gold (C) thin films for P-in/P-out polarization combination. Both the Au and Ag thin films 

Figure 3. Interference b-ESHG spectra of P-in/P-out polarization for Ag thin films (A), and Au 
thin films (C). The left-handed z-cut α-quartz crystal along the +X direction was used as a 
reference. The spectral phases extracted as a function of wavelength for Ag thin films (B), and Au 
thin film (D).  
 

(A) (B) 

(C)             (D)    

ϕ = −0.17405λ +295.6 
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exhibit significant phase shifts with respect to that of the left-handed z-cut α-quartz crystal.  The 

phases of Ag were independent of wavelength from 630 nm to 730 nm, as displayed in Figure 3 

(B). Since the left-handed Z-cut quartz was oriented in the +X axis with a phase of 90° for P-in/P-

out polarization as derived in Equation 6, the absolute phase of 𝜒𝜒(2) for the Ag thin films was 

found to be 210.0 ± 6.0°. Although Ag has a plasmonic resonance wavelength of 400 nm away 

from the ESHG and fundamental light wavelengths, ESHG responses of Ag thin films come from 

both the bulk and the surface. The surface contributions could not be simply neglected, unlike in 

the left-handed and right-handed z-cut α-quartz crystals. The phases of χeff
(2) are determined by both 

bulk susceptibility,  χBulk
(2) , and surface susceptibility, χSurface

(2) . The former is 90° shift from that for 

the latter. As a result, the phases of Ag thin films are different from those for the quartz, even 

though the phases are independent of frequency. On the other hand, the phases of 𝜒𝜒(2) for the Au 

thin films decrease from +187.0 ± 6.0° to +168.0 ± 6.0° from 630 nm to 730 nm, as shown in 

Figure 3 (D). We have fitted the phases as a function of wavelength for Au thin films, with an 

equation of 𝜙𝜙(𝜆𝜆) = 0.17405𝜆𝜆 + 295.6 (𝜆𝜆: nm). In addition, we have obtained the frequency-

dependent phases for Au thin films with 𝜙𝜙(𝜈𝜈) = 42.458 𝜈𝜈 + 59.332 (𝜈𝜈 : rad/fs), as shown in 

Figure S3. The frequency-dependent phases of Au thin films are related to the metal electronic 

properties. For the Ag thin films, the d-band is comparatively far in energy from the fundamental 

and SHG wavelengths in our experiments. For the Au thin films, photoexcited electrons were 

nearly resonant with those transitions from d- to s-bands near 530 nm, being close to our SHG 

wavelengths. As such, Au thin films could not be used as a phase standard in this wavelength range, 

while Ag thin films are an excellent choice as a phase standard used from 600 nm to 730 nm. 

Absolute phase of 𝝌𝝌(𝟐𝟐) for p-type GaP (100). Historically, GaP was used as a standard to examine 

the sign of the hyperpolarizability, β(2), for quartz crystals.73, 93 We chose p-type GaP (100) as a 

reference since it is transparent to both the fundamental wavelength (1200 - 1500 nm) and the 

second harmonic wavelength (600 - 750 nm). Figure 4 (A) presents interference b-ESHG spectra 

(P-in/P-out) for p-type GaP (100) along the [011�] direction. The interference spectrum for the GaP 

exhibits a same sign along the direction as compared with that for the left-handed z-cut α-quartz 

crystal along the +X direction. Figure 4(B) shows that the phases for p-type GaP (100) along the 

[011�] direction were independent of wavelength from 630 nm to 730 nm.  The absolute phase of 



 12 

the GaP (100) along the [011�] direction was found to be 92.0 ± 6°. Thus, GaP is also a good option 

for standard phase of second-order electronic spectroscopy.  

We further examined the sign of β(2) for GaP (100). The GaP crystal exhibits a zinc blende 

structure 4�3m (Td). Along the [011] and [011�] directions, the macroscopic susceptibilities, 𝜒𝜒𝐺𝐺𝑄𝑄𝑆𝑆
(2) , 

are dominated by bulk. Thus, the macroscopic susceptibilities for S-in/P-out and P-in/P-out for 

GaP (100) are generally expressed as7, 35  

χ𝐺𝐺𝑄𝑄𝑆𝑆,𝑆𝑆𝑆𝑆,𝐵𝐵
(2) = 𝐿𝐿ZZ(ω)𝐿𝐿YY(ω1)𝐿𝐿YY(ω1) sinα𝑏𝑏 𝛽𝛽abc,B

(2) cos2φ𝑏𝑏         

 χGaP,PP,B
(2) = −𝐿𝐿XX(ω)𝐿𝐿XX(ω1)𝐿𝐿ZZ(ω1) cosα𝑏𝑏 cosα𝑏𝑏 sinα𝑏𝑏 𝛽𝛽abc,B

(2) cos2φ𝑏𝑏 

                  −𝐿𝐿XX(ω)𝐿𝐿ZZ(ω1)𝐿𝐿XX(ω1) cosα𝑏𝑏 sinα𝑏𝑏 cosα𝑏𝑏 𝛽𝛽abc,B
(2) cos2φ𝑏𝑏 

                  +𝐿𝐿ZZ(ω)𝐿𝐿XX(ω1)𝐿𝐿XX(ω1) sinα𝑏𝑏 cosα𝑏𝑏 cosα𝑏𝑏 𝛽𝛽abc,B
(2) cos2φ𝑏𝑏                                           (7) 

                                                  

where φ𝑏𝑏 is the azimuthal angle, φ𝑏𝑏= 0° is defined to be along the [011] axis, φ𝑏𝑏= 90° along the 

[011�] axis, α𝑏𝑏the incident and reflection angles for the fundamental and the b-ESHG light, 𝛽𝛽abc,B
(2)  is 

the bulk dipole-allowed hyperpolarizability for GaP. The effective bulk macroscopic 

susceptibilities for GaP (001) along the [011� ] direction (φ𝑏𝑏= 90°) is dominated by bulk, as 

expressed as  
𝜒𝜒𝐺𝐺𝐺𝐺𝐺𝐺,𝐵𝐵

(2) (𝑖𝑖)

−𝑖𝑖Δ𝑘𝑘𝑧𝑧
≈ 𝑖𝑖𝑏𝑏𝛽𝛽abc,B

(2) , where b<0 for S-in/P-out and b>0 for P-in/P-out with all the 

local field factor Ls are greater than 0.  It was found from Figure 4 (B) that the phases for the p-

type GaP (100) along the [011�] axis were the same as that for the left-handed z-cut α-quartz crystal 

Figure 4. (A) Interference b-ESHG spectra (P-in/P-out) from p-type GaP (100) along the [011�] as 
compared with that for the left-handed z-cut α-quartz crystal along the +X axis. (B) The extracted 
absolute phase along the [011�] direction of p-type GaP (100) as a function of wavelength.  

(A) 

+𝐗𝐗 

[ 𝟎𝟎
𝟎𝟎𝟎𝟎

]  

[𝟎𝟎𝟎𝟎𝟎𝟎�] 

𝝋𝝋 

(B) 



 13 

along the +X axis in P-in/P-out, being the absolute value close to 90°.  Thus,  𝛽𝛽abc,B
(2)  was 

determined to be positive, which is consistent with that reported in the literature.93  

Absolute phases of 𝜒𝜒(2)  for p-type GaAs (100) with Azimuthal Angles. GaAs exhibits high 

second-order nonlinear optical responses, thereby being a routine reference for SFG experiments.35 

However, the spectral phases of second order susceptibility for GaAs are not well known. In 

addition, anisotropic crystals have distinct phases along different crystal axes. To understand 

spectral phases of anisotropic GaAs crystals, we collected interference b-ESHG spectra as a 

function of azimuthal angle. Figure 5 (A) shows pseudo-color 2D plot of interference b-ESHG 

spectra (P-in/P-out) from p-type GaAs (100) as a function of azimuthal angle. Here, 0° is defined 

to be along the [011] axis and 90° along the [011�] axis. Figure 5 (B) presents ESHG intensities as 

a function of azimuthal angle along the [011] and [011�] at the representative wavelengths of 653 

nm and 694 nm. The angle-dependent SHG intensities of the GaAs crystal are consistent with 

those reported in the literature.35, 79, 94 Both the p-type GaAs (100) and the p-type GaP (100) exhibit 

the same structure of a zinc blende 4�3m (Td). As such, Equation 7 also applies to the case for 

GaAs. The effective macroscopic susceptibilities for the p-type GaAs (100) along the directions 

of [011] and [011�]  are dominated by bulk, as expressed as  
𝜒𝜒𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝐵𝐵

(2) (𝑖𝑖)

−𝑖𝑖Δ𝑘𝑘𝑧𝑧
.  We compared the spectral 

phases for the GaAs to that for the left-handed z-cut α-quartz crystal along the +X axis.  Figure 5 

(C) displays extracted absolute phases as a function of azimuthal angle at 650 nm and 700 nm as 

two representatives.  The spectral phases show sharp change near 45°, 135°, 225°, and 315°. These 

well-patterned phases are due to the azimuth-dependent susceptibilities as shown in Equation 7.  

Figure 5 (D) shows absolute phases with wavelength along the [011] and [011�]. The spectral 

phases along the two axes are flat and independent of wavelength. It was found that the spectral 

phases alternately occur at -103.0 ± 6.0° and 68.0 ± 6.0° with the azimuthal angle. These values 

of phases for the GaAs along the [011] and [011�] deviate from -90° and +90°. The GaAs crystal 

possesses a band gap of ca. 870 nm. The SHG wavelengths from 630 nm to 730 nm fall in the 

region of transitions from lower valleys to higher valleys in the GaAs.85, 95, 96 These dispersions 

are likely responsible for the phase deviations above. 

 

Discussion 
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Absolute phase of 𝜒𝜒(2)(𝜔𝜔) for a reference is crucial for further determination of spectral phases 

for other unknown samples. Absolute spectral phases of 𝜒𝜒(2)(𝜔𝜔) for three kinds of reference 

materials, including insulators (left-handed and right-handed α-quartz crystals), semiconductors 

(p-type GaP (100) and GaAs (100)), and metallic films (Au and Ag thin films), have been 

examined in our HD-iES experiments. The determination of absolute phases of 𝜒𝜒(2)(𝜔𝜔)  is 

sensitive to measured polarization as well as crystal orientations for anisotropic materials. The 

phases for both the left-handed and right-handed α-quartz crystals are found to be -90° and 90° in 

S-in/P-out and P-in/P-out polarization combinations, respectively. The phases of the α-quartz 

crystals are wavelength-independent since they are transparent in the wavelength window from 

550 nm to 1800 nm. The p-type GaP (100) crystal along the the [011�] direction exhibits the 

wavelength-independent spectral phase of 92 ± 6.0° similar to the α-quartz crystals for P-in/P-out 

measurements. As expected, the GaP materials are also transparent to the wavelength window of 

interest. As such, both the α-quartz crystals and GaP crystals are good choices for phase references. 

Ag thin films show wavelength-independent spectral phases of 𝜒𝜒(2)(𝜔𝜔) with a value of 210.0 ± 

Figure 5. (A) Pseduo-color 2D plot of interference b-ESHG spectra (P-in/P-out) from p-type 
GaAs (100) as a function of azimuthal angle. (B) b-ESHG intensities as a function of azimuthal 
angle along the [011] and [011�] at 653 nm and 694 nm. (C) Absolute phases extracted as a 
function of azimuthal angle at 650 nm and 700 nm. (D) Wavelength-dependent absolute phases 
along the [011] and [011�]. 

(A) (B) 

[𝟎𝟎𝟎𝟎𝟎𝟎] 
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6.0° and are the best choice for phase references. On the other hand, Au thin films are often used 

for a phase reference in the literature but exhibit wavelength-dependent spectral phases of 𝜒𝜒(2)(𝜔𝜔). 

Here, a guideline for a phase reference is suggested to make reference to the frequencies of light 

employed by VSFG and ESFG/ESHG. A. Consideration of polarization combinations. Absolute 

phases for references depend on polarization combinations applied in VSFG or ESFG/ESHG. For 

example, the absolute phases for S-in/P-out and P-in/P-out in ESHG were found to be -90° and 

90°, respectively for both the left-handed and right-handed z-cut α-quartz crystals. B. Choices of 

references: 1) Z-cut left-handed/right-handed α-quartz crystals are the best choices as a phase 

reference for all ESFG/ESHG involved lights from 200 –2000 nm, but only good in the IR range 

of 4000 – 2500 cm-1 for VSFG. 2) Ag thin films are always the best choices as a phase reference 

for VSFG in the IR range of 4000 – 1000 cm-1 with a visible beam’s wavelength longer than 530 

nm, and for all ESFG/ESHG involved lights longer than 450 nm. The absolute phases for Ag thin 

films, independent of wavelength, are different from those for Z-cut left-handed/right-handed α-

quartz crystals. 3) Au thin films are suggested not to be used as a phase reference for either ESFG 

or VSFG since their absolute phases are wavelength-dependent from UV to visible range. 4) 

GaP(100) is limited to VSFG and ESFG/ESHG of all involved lights from 600 nm to IR. The 

absolute phases for GaP depend on crystal orientations. Crystal orientations needs to be calibrated. 

5) GaAs(100) is limited to VSFG and ESFG/ESHG of all involved lights from 950 nm to IR. The 

absolute phases for GaAs depend on crystal orientations. Crystal orientations needs to be calibrated. 

It is noted that phase accuracy is an important criterion for further applications of a phase 

method. For an electronic transition with a typical damping rate of 500 cm-1, one spectral 

interference cycle could cover 100-500 cm-1. The more points a spectral interference cycle spans, 

the better a phase resolution. On the other hand, the time delay between the “DC” and the “AC” 

in the HD method is only 100 fs when the cycle goes beyond 330 cm-1. Such a short delay leads to 

a challenge for Fourier filtering. Considering both the time delay and the phase resolution, each 

cycle with 42 data points gives rise to a phase resolution of 11° in our HD-iES (a time delay 

generator of 3mm). Based on our experiments, the phase accuracy was on the order of 6°. Likewise, 

one could estimate phase accuracy for heterodyne vibrational SFG (HD-VSFG). For a vibrational 

peak with a typical damping rate of 15 cm-1, one interference cycle covers the entire vibrational 

peak with a cycle of 30 cm-1. A time delay of 1.1 ps is required to generate the spectral interference 

cycle of 30 cm-1. To achieve a phase resolution of 5° in the HD-VSFG, each data point spans ca. 
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0.4 cm-1. Thus, one should consider an appropriate spectrometer and CCD in HD-VSFG for fine 

spectral resolution. In the case of a high resolution VSFG for heterodyne detection, a well-designed 

detection system is needed for HD measurements.  

 

Conclusions 

In summary, we have presented an easy-to-implement heterodyne detection of interfacial 

broadband electronic spectroscopy (HD-iES) for spectral phase measurements. The HD method 

provided a broad spectral range from 550 nm to 1100 nm with a short-wave IR laser source of 

1100-2200 nm. High phase stability has been maintained due to the collinear geometry. In our case 

a phase error of 6° was achieved. We further examined spectral absolute phases for six references, 

including left-handed α-quartz crystals, right-handed α-quartz crystals, Au thin films, Ag thin 

films, p-type GaP (100), and p-type GaAs (100). In addition to the left-handed and right-handed 

α-quartz crystals, the Ag thin films, GaP, and GaAs crystals are also good choices for phase 

references with frequency-independent phases in HD-iES. On the other hand, Au thin films with 

frequency-dependent phases are not good phase references, even though they are often used in the 

literature. These results extend more applications of phase measurements into interfacial electronic 

spectroscopy. 

 

Supporting Information 

The supporting information contains Calculations of 𝜒𝜒𝑒𝑒𝑒𝑒𝑒𝑒
(2)  for Ag, Au, GaP(100), and GaAs(100).  

The following supporting figures are provided in the supporting information: SFG cross 

correlation measurements by mixing an 800 nm (100 fs) with the SWIR pulse, Figure S1; AFM 

AFM Characterization of thickness of Au thin films, Figure S2; The spectral phases extracted as a 

function of frequency for Ag thin films (A), and Au thin films (B), Figure S3. 
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